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Polar Transport in the Drosophila Oocyte
Requires Dynein and Kinesin I Cooperation
nein and Kinesin I, by driving transport to opposing
microtubule ends, function in concert to establish intra-
cellular polarity within the Drosophila oocyte. Further-
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Siegfried Roth,2,4 and Antoine Guichet1,4 more, Kinesin-dependent localization of Dynein sug-
gests that both motors are components of the same1Laboratory of Developmental Biology
Institut Jacques Monod complex and therefore might cooperate in recycling
each other to the opposite microtubule pole.2 place Jussieu
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Microtubule-based transport largely depends on the ac-Gyrhofstrasse 17
tion of two types of motor proteins that mediate polarD-50923 Ko¨ln
movements to opposing microtubule (MT) ends. Cyto-Germany
plasmic Dynein is minus end directed, while the Kinesin3Wellcome Trust/Cancer Research UK Institute
family members are mostly plus end directed [1] (forand Department of Genetics
a review, see [2]). The Drosophila ovary provides anUniversity of Cambridge
excellent model system for studying the function of MTTennis Court Road
motors in the polar transport of mRNAs, proteins, andCambridge CB2 1QR
organelles (for reviews, see [3, 4]). MT-based transportUnited Kingdom
processes are continuously required throughout oogen-
esis but have particularly important roles in cell-type
specification and axis formation during early and mid-
oogenesis, respectively. An ovarian egg chamber isSummary
composed of a cluster of 16 interconnected germ cells
surrounded by a monolayer of follicular epithelium. Dur-Background: The cytoskeleton and associated motors
ing egg chamber formation, 1 cell of the cluster is singledplay an important role in the establishment of intracellu-
out to become the oocyte, while its 15 sister cells devel-lar polarity. Microtubule-based transport is required in
op into nurse cells. This process of oocyte specificationmany cell types for the asymmetric localization of
requires polar transport of oocyte determinants medi-mRNAs and organelles. A striking example is the Drosoph-
ated by minus end-directed MT motors. During earlyila oocyte, where microtubule-dependent processes gov-
oogenesis, the microtubule-oganizing centers (MTOCs)ern the asymmetric positioning of the nucleus and the
are localized at the posterior pole of the oocyte, andlocalization to distinct cortical domains of mRNAs that
MTs extend from there through cytoplasmic bridgesfunction as cytoplasmic determinants. A conserved ma-
called ring canals into the nurse cells. The oocyte growschinery for mRNA localization and nuclear positioning
mostly by taking up cytoplasm and organelles from theinvolving cytoplasmic Dynein has been postulated; how-
nurse cells. This nurse cell-to-oocyte transport throughever, the precise role of plus- and minus end-directed
the ring canals is mainly dependent on actin, but minusmicrotubule-based transport in axis formation is not yet
end-directed MT motors also play a significant role [5].understood.
During mid-oogenesis, the MT polarity of the oocyteResults: Here, we show that mRNA localization and
changes dramatically. MTOCs at the posterior of thenuclear positioning at mid-oogenesis depend on two
oocyte disassemble, and MTs nucleate from the anteriormotor proteins, cytoplasmic Dynein and Kinesin I. Both
and lateral cortices of the oocyte [6–8]. The resultingof these microtubule motors cooperate in the polar
anterior-to-posterior (A-P) MT gradient leads to the for-transport of bicoid and gurken mRNAs to their respec-
mation of distinct cortical domains within the oocyte,tive cortical domains. In contrast, Kinesin I-mediated
which are essential for the correct localization of cyto-transport of oskar to the posterior pole appears to be
plasmic determinants involved in embryonic axes for-independent of Dynein. Beside their roles in RNA trans-
mation [9, 10]. Three such domains can be distinguishedport, both motors are involved in nuclear positioning
(for reviews, see [4, 11]). Firstly, the anterior margin atand in exocytosis of Gurken protein. Dynein-Dynactin
which the oocyte faces the nurse cells is characterizedcomplexes accumulate at two sites within the oocyte:
by the accumulation and permanent anchoring of bicoidaround the nucleus in a microtubule-independent man-
(bcd) mRNA. The posterior determinant oskar (osk) andner and at the posterior pole through Kinesin-mediated
the dorsal determinant gurken (grk) mRNA are also local-transport.
ized transiently (stage 8) to the anterior cortical domain.Conclusion: The microtubule motors cytoplasmic Dy-
[12–16]. Secondly, an anterodorsal cortical domain is
defined by the position of the nucleus [17–20], the accu-4Correspondence: guichet@ijm.jussieu.fr (A.G.), siegfried.roth@
mulation of grk mRNA [13, 21], and the site of grk mRNAuni-koeln.de (S.R.)
translation and Grk exocytosis [10, 22, 23]. Finally, a5Present address: Center for Neurobiology and Behavior, Columbia
University, New York, New York 10032. posterior domain is defined by pole plasm assembly (for
Current Biology
1972
a review, see [24]), which relies on the correct posterior maternal promoter (tubGFPDmn) is enriched around the
nucleus before and after oocyte repolarization (Figureslocalization of Staufen (Stau) and osk mRNA [12, 25]. To
highlight the fact that these three cortical domains are 1A–1C) and at the lateral cortex during the migration of
the oocyte nucleus (transition from stage 7 to stage 8,spatially separated and functionally distinct, we will refer
to them as cortical compartments. Figure 1B). After stage 9 (Figure 1C), GFP-Dmn stays
enriched along the lateral cortex and is also concen-Here, we present data on the role of two motor pro-
teins, the minus end-directed cytoplasmic Dynein and trated at the posterior pole of the oocyte (note that MTs
surround the nucleus in a similar way to GFP-Dmn, seethe plus end-directed Kinesin I (conventional Kinesin),
in the localization of cytoplasmic determinants in the Figures 1K and 1L). This GFP-Dmn distribution during
mid-oogenesis is similar to that observed for Dhc, foroocyte. The Kinesin heavy chain (Khc) is the force-gen-
erating subunit of Kinesin I, which is a heterotetramer the Dynactin subunit Glued, and also for Bic-D [35, 41].
Dmn is also perinuclear during the first cleavages in thecomposed of two Khc molecules and two Kinesin light
chains (Klc) that bind cargo (for a review, see [2]). In the early embryo [42].
We reasoned that Dmn overexpression in the oocyteDrosophila oocyte, Khc is reported to be specific for
transport toward the posterior pole [26]. after the first stages of oogenesis should enable us to
investigate the role of Dynein during the repolarizationCytoplasmic Dynein is, like Kinesin, a multisubunit
complex [1]. All cellular functions of cytoplasmic Dynein of the oocyte at mid-oogenesis. We used the UAS/GAL4
system [43] to express GFP-Dmn (UASGFPdDmn) at adepend on interaction with the Dynactin complex, which
includes p150Glued, p50 Dynamitin (Dmn), and Lis- moderate level with the nosGal4VP16 driver line. The
localization pattern is similar to that observed forsencephaly-1 (Lis-1). Lis-1 is involved in linking Dynein
to its cargo and in improving motor processivity (for tubGFPDmn (Figure 1D versus Figure 1C). In order to
overexpress Dmn in the oocyte, without interfering withreviews, see [27–30] and [31]). In Drosophila embryos,
it has been reported that apical transport is mediated by Dynein function during oocyte determination in the
germarium, we used a Gal4 driver that starts to be activeDynein together with Bicaudal D (Bic-D) and Egalitarian
(Egl), which appear to function as core components of at stage 4 (tubGal4, Figure S2).
The overexpression of UASGFPdDmn by using thisa selective Dynein motor complex [32]. This same com-
plex seems to govern early nurse cell-to-oocyte trans- driver leads to high uniform levels of GFP-Dmn in the
oocyte and causes a mislocalization of the oocyte nu-port of many mRNAs, including bcd and grk [32].
Null alleles for dynein heavy chain (Dhc64C) and cleus, indicating that Dynactin function is impaired (Fig-
ure 1F). Moreover, both perinuclear and posterior Bic-D-Lissencephaly-1 (Lis-1) arrest oogenesis prematurely
[33, 34]. Thus, oocyte polarization during mid-oogenesis D-GFP distributions are also abolished when Dmn is
overexpressed (data not shown).has only been studied with hypomorphic alleles. The
viable dhc64C allelic combination abolishes p150Glued Dmn, when overexpressed in the oocyte, gives rise
to unfertilized eggs with abnormal dorsoventral polarity.localization around the nucleus and at the posterior of
the oocyte but has no effect on polarizing the oocyte The defects ranged from fused appendages to complete
loss of appendages and cup-shaped eggs (Figure S2C).[33, 35]. In mammals, overexpression of the Dmn subunit
of Dynactin causes Dynactin to dissociate from Dynein A comparable spectrum of phenotypes is caused by
mutations in Lis-1 [5, 44] and Bic-D [45], two molecules[36, 37]. This has been shown to inhibit dynein-mediated
processes in tissue culture and in vivo in transgenic possibly associated with the Dynactin complex [46], and
by mutations in cnc [20]. Lis-1, Bic-D, and cnc mutationsmice [38–40]. Here, we show that Dmn overexpression
also is a powerful tool for dissecting the role of Dynein- cause defects in oocyte nucleus positioning, which im-
pairs DV patterning. They also cause defects in oocyteDynactin-mediated transport in the Drosophila oocyte.
growth since they impair nurse cell-to-oocyte transport.
This results in smaller, often cup-shaped eggs [5, 45].Results
To verify the specificity of Dmn overexpression in dis-
rupting the Dynactin complex, we compared egg pheno-We aimed to interfere with Dynein function by overex-
types resulting from overexpression of Dmn at differentpressing Dmn in the oocyte. To test first whether Dro-
temperatures and with reduced levels of Lis-1 (see thesophila Dmn is an essential component of the Dynactin
Supplementary Material, Figure S2C). An increase in thecomplex, we studied the phenotypes of a loss-of-func-
proportion of severe egg phenotypes is achieved eithertion mutation of Drosophila Dmn (see the Supplementary
by raising the temperature or by lowering the levels ofMaterial available with this article online). During early
Lis-1. These results indicate that Dmn overexpressionoogenesis, in the germarium, Dmn is required for oocyte
specifically disrupts the Dynactin complex in the oocyte.specification (see Figure S1 in the Supplementary Mate-
rial). A similar phenotype results from mutations in mem-
bers of the Dynein-Dynactin complex (such as Dhc64c Perinuclear Dynein-Dynactin Complexes Control
and Lis-1 [33, 34]) and supports the assumption that the Localization of the Nucleus
Dmn is an essential component of the complex. Nuclear positioning in the oocyte is a complex process
involving at least two distinct anchorage steps: the an-
choring to the oocyte (lateral) cortex, which might be aThe Dynactin Complex Is Inactivated
by Overexpression of Dmn prerequisite for nuclear migration, and the anchoring
to the anterior pole after migration has occurred [20].We engineered several different constructs to follow the
behavior of Dmn in the oocyte. GFP-Dmn driven by a Oocytes that overexpress Dmn do not position their
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Figure 1. Overexpression of Dynamitin Inter-
feres with Oocyte Nucleus Anchoring
Anterior is left, and dorsal is up in this and all
subsequent figures, unless indicated differ-
ently.
(A–C) Ovaries expressing tubGFPdDmn un-
der the control of a maternal promotor. (A)
GFP-Dmn localizes around the oocyte nu-
cleus prior to nuclear migration in stage-6
egg chambers. (B) An egg chamber at the
transition from stage 7 to stage 8. GFP-Dmn
is detectable along the lateral cortex (arrow-
head) and around the nucleus. (C) The cortical
(arrowhead) and the perinuclear (see inset)
distribution of GFP-Dmn persist in stage-9
egg chambers. GFP-Dmn is concentrated at
the posterior pole of the oocyte (asterisk).
(D) Expression of UASGFPdDmn (green) with
a weak Gal4 driver. A stage-9 egg chamber
showing the same perinuclear and posterior
(arrow) localization pattern as that seen in (C).
(E–J) Stacks of confocal images of egg cham-
bers stained for DNA (blue) and F-actin (red);
these images are used to investigate anchor-
ing of the oocyte nucleus to the anterior cor-
tex. In (G), both DNA and F-actin are pseu-
docolored in blue. The open arrowheads
pointing at the lateral cortex indicate the
planes for the optical cross-sections of (E)–
(G) shown in (H)–(J). (E and H) In wild-type,
the oocyte nucleus (dotted line) is tightly
attached to both the lateral and anterior
(white arrowhead in [E]) cortices. (F and I) An
egg chamber overexpressing UASGFPdDmn
under the control of the strong Gal4 driver,
tubGal4. (F) The oocyte nucleus is not an-
chored to the anterior cortex (white arrow-
head). Note that GFP-Dmn is uniformly dis-
tributed and the perinuclear and posterior (arrow) localization of Dmn is lost. (I) High levels of Dmn also cause the nucleus to detach from
the lateral cortex. (G and J) An egg chamber derived from colchicine-treated females expressing tubGFPdDmn (green). The oocyte nucleus
has lost its attachment to the (G) anterior and to the (J) lateral cortex. However, the perinuclear localization of GFP-Dmn is preserved (arrows),
while, at the posterior, GFP-Dmn disappears (asterisk in [G]).
(K–M) MT organization of stage-9 egg chambers revealed by Tau-GFP. (K) In wild-type, the MTs are highly concentrated at the anterior cortex
and are organized in a decreasing gradient toward the posterior pole. The oocyte nucleus is surrounded by a dense cage-like MT network
(arrowheads). (L) A grk2B6/grkDC mutant egg chamber. The anterior-to-posterior MT gradient is not maintained, but the dense cage-like MT
network (arrowhead) around the mislocalized nucleus persists. (M) Overexpression of Dmn. The anterior-to-posterior MT gradient is largely
preserved, although some ectopic MT bundles appear in the center of the oocyte. The MT network seems also to expand toward the posterior
at the lateral cortex, and the oocyte nucleus is no longer encaged by a dense MT network (arrow). on, oocyte nucleus.
nucleus correctly. The nucleus migrates to the anterior to-posterior gradient, which can be visualized by using
a Tau-GFP fusion protein, during stage 8 and stage 9pole but, at stage 9, it leaves the anterior cortex (Figure
1F) and also detaches from the lateral cortex (Figure 1I). [43] (Figure 1K). In oocytes overexpressing Dmn, the
overall distribution of Tau-GFP is preserved (Figure 1M)This indicates that nuclear anchoring to the anterior
cortex depends on Dynein. This anchoring mechanism even though MTs seem more bundled in the center of
the oocyte. This indicates that, globally, MTs are stillis different from that impaired by the cnc mutation, in
which the anteriorly detached nucleus still anchors at organized in an A-P gradient as in wild-type oocytes.
However, we observed that the MT scaffold surroundingthe lateral cortex [20].
In the wild-type oocyte, MT integrity is essential for the nucleus disappears. A similar result has been ob-
served after overexpression of Lis-1 in Human cos-7nuclear positioning [17]. A scaffold of MTs surrounds
the nucleus [6] (Figure 1K). This MT cage persists when cell [47]. In addition, the reduction of Lis-1 levels in
mouse embryonic fibroblasts derived from Lis-1 mutantnuclear migration is abolished in grk mutant oocytes
(Figure 1L) and also when the nucleus is mislocalized mice leads to a higher MT density around the nucleus
[47]. These results indicate that the Dynactin com-in cnc [20] or khc mutant oocytes (see below). These
observations suggest that the nucleus, or its direct sur- plex is required for the proper organization of perinu-
clear MTs.roundings, has the capacity to organize a MT scaffold.
We speculated that this scaffold might take part in nu- Since the nucleus is mispositioned in Dmn-overex-
pressing oocytes and the perinuclear MT scaffold isclear anchoring. We therefore examined whether MT
organization is disrupted when Dmn is overexpressed. disrupted, the MT cage might be important for nuclear
anchoring to the cortex. To address this point, we ana-In wild-type oocytes, MTs are organized in an anterior-
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lyzed egg chambers from flies fed with colchicine, which
depolymerizes MTs (Figure 1G). Under these conditions,
the nucleus is no longer attached to the cortex (Figure
1J). This indicates that MTs are required not only for
nuclear migration to the anterior pole but also for an-
choring the nucleus to the cortex [6].
To determine the influence of MTs on Dmn distribu-
tion, we compared tubdGFPDmn-expressing oocytes
with or without colchicine treatment. Interestingly, the
perinuclear Dmn distribution observed in wild-type oo-
cytes (Figure 1C) is not affected by the colchicine treat-
ment (Figure 1G), in which MTs are depolymerized (data
not shown). Thus, this perinuclear localization of the
Dynactin complex is MT independent. However, the
posteriorly localized fraction of Dmn observed in wild-
type oocytes (Figure 1C) is not maintained in colchicine-
treated oocytes (Figure 1G). Taken together, these re-
sults demonstrate that the perinuclear distribution of
Figure 2. Dmn Overexpression Prevents bcd, but Not osk, mRNA
the Dynein-Dynactin complex modulates the MT distri- Localization
bution around the nucleus and that the attachment of the
(A–C) osk mRNA distribution in stage-9 egg chambers (asterisk,
Dynein-Dynactin complex to the nuclear membrane or oocyte nucleus). (A) Wild-type. osk mRNA localizes to the posterior
to perinuclear material is independent of MTs. Further, of the oocyte. (B) An egg chamber from colchicine-treated females.
osk mRNA is uniformly distributed in the oocyte and accumulatesthe defects in nuclear positioning that are accompanied
in the nurse cells. (C) Overexpression of Dmn. osk mRNA localizationby the disintegration of the perinuclear MT cage suggest
to the posterior pole occurs correctly; however, the amounts ofthat the cage is involved in nuclear anchoring to both
localized osk are reduced. Simultaneously, the amount of osk mRNAthe lateral and anterior cortex.
in the nurse cells is increased, indicating that the nurse cell-to-
oocyte transport of osk mRNA is impaired.
(D and E) Osk protein (red) and DNA (green) in stage-10 egg cham-
The Dynactin-Dynein Complex Is Required for bcd, bers. The arrowhead indicates the karoysome to highlight the posi-
tion of the nucleus. (D) Wild-type. Osk concentrates at the posterior.but Not for osk, mRNA Localization
(E) Dmn overexpression. Osk is translated at the posterior pole. TheSince Dmn, like Dhc, is localized to the posterior pole,
lower protein levels correspond to the reduced amount of localizedwe wondered whether interfering with Dynein-Dynactin
mRNA (compare to [C]).would affect the localization of posterior determinants
(F and G) bcd mRNA (asterisk, oocyte nucleus). (F) Wild-type. bcd
like osk. In wild-type stage-9 ovaries, osk, mRNA, and mRNA is localized to the anterior cortex of the oocyte. (G) Overex-
protein are found at the posterior pole (Figures 2A and pression of Dmn. bcd mRNA fails to be restricted to the anterior
cortex of the oocyte and is uniformly distributed.2D). In oocytes overexpressing Dmn, osk mRNA is also
found at the posterior pole, albeit in smaller amounts
(Figure 2C). The reduced amount of osk mRNA in oo-
is completely abolished. This shows that Dynein is re-cytes overexpressing Dmn is accompanied by higher
quired for the transport or anchoring of bcd mRNA tolevels of osk mRNA in the nurse cells. This might be due
the anterior cortex, as had been suggested earlier [49].to less efficient transport of osk mRNA from the nurse
Taken together, these results suggest that, althoughcells to the oocyte. Nurse cell-oocyte transport has been
the nurse cell-to-oocyte transport is affected after over-shown to be partially dependent on MTs and is likely to
expression of Dmn, the MT network of stage-9 oocytesbe minus end directed and requires Dynein [6, 48]. The
is normally polarized since osk is transported to thedecreased efficiency of nurse cell-to-oocyte transport
posterior pole. Moreover, while the Dynein-motor com-after overexpression of Dmn also explains why the oo-
plex is crucial for correct nuclear positioning and for bcdcytes are smaller and why a fraction of the eggs have
localization, it is not essential for osk mRNA localization.a cup-shaped morphology (Figure S2).
The posterior osk accumulation in oocytes overex-
pressing Dmn is clearly different from the even distribu- Requirement of Dynein-Dynactin in grk mRNA
Localization and Grk Exocytosistion of osk mRNA observed when MT organization is
abolished, as in colchicine-treated oocytes (Figure 2B). Females in which Dmn is overexpressed produce eggs
with defects in dorsoventral polarity (Figure S2). Theseosk mRNA is translated in oocytes overexpressing Dmn
(Figure 2E). Since correct osk mRNA localization is a defects might be entirely due to a mislocalization of
Grk resulting from the mispositioned oocyte nucleus.prerequisite for its translation, we suggest that osk local-
ization is essentially normal when Dynein function is Alternatively, Dynein might play a separate role in grk
mRNA or Grk protein localization. In wild-type eggimpaired. In contrast to osk, the anterior determinant
bcd is not correctly localized after Dmn overexpression. chambers, grk mRNA accumulates transiently along the
oocyte anterior margin, just after completion of nuclearIn wild-type stage-9 oocytes, bcd accumulates in an
anterior ring (Figure 2F), whereas it is diffusely spread in migration (the transition from stage 7 to stage 8; Figure
3A). Shortly after, grk mRNA is only detected aroundthe oocyte after Dmn overexpression (Figure 2G). Thus,
although bcd mRNA enters the oocyte from the nurse the nucleus (Figure 3B). In oocytes overexpressing Dmn,
grk mRNA persists along the anterior margin after stagecells, its localization to the anterior cortex of the oocyte
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khc27 [26]. However, mosaic egg chambers in which the
germline cells are mutant for Kinesin, including khc27, are
frequently ventralized (Figure 4D; see the Experimental
Procedures).
Therefore, we analyzed the positioning of the nucleus
in khc mutant oocytes. In the three new alleles and also
in the previously described khc27 allele (shown to be
required for osk mRNA transport [26]), the correct posi-
tioning of the nucleus is impaired (Figures 4E–4G). The
nucleus migrates correctly to the anterior cortex during
the transition from stage 7 to stage 8. However, in about
50% of the stage-9 oocytes, the nucleus does not main-
tain its anterior position, indicating that the anterior an-
choring process depends on Khc. After anterior detach-
Figure 3. Cytoplasmic Dynein Is Required for Proper grk mRNA and ment, the nucleus remains tightly associated with the
Protein Localization lateral cortex (Figure 4H). We noticed that the nucleus
(A–F) grk mRNA distribution. (A–C) Wild-type. (A) At the transition is surrounded by actin patches, which appear to delami-
from stage 7 to stage 8, grk mRNA localizes transiently to the entire
nate from the cortex although there was no generalanterior cortex of the oocyte (arrowheads). (B) A stage-9 egg cham-
defect in the cortical organization of the actin skeletonber; grk mRNA is restricted to the anterodorsal corner defined by
(Figure 4I, arrow). The inactivation of Kinesin I in thethe position of the oocyte nucleus. (C) In stage-10 egg chambers,
grk mRNA stays tightly localized to the cortical regions close to the oocyte also has no influence on the MT distribution (Figure
oocyte nucleus. (D–F) Egg chambers overexpressing Dmn. (D) At 4C versus Figure 4F), and it has been shown earlier that the
the transition from stage 7 to stage 8, grk mRNA localizes to the A-P polarity of the MT network is normal [26]. In particular,
anterior cortex (arrowheads). (E) grk mRNA remains at the anterior
perinuclear MT distribution is preserved when the nu-cortex in stage-9 egg chambers (note that the follicle cells started
cleus is mispositioned in khc null oocytes (Figure 4F).to migrate posteriorly, arrowhead). (F) In stage-10 egg chambers,
Taken together, these results indicate that Kinesin isgrk mRNA is dispersed in the oocyte and not associated with the
cortex. involved in the anterior, but not the lateral, anchoring of
(G and H) Grk protein (red) and DNA (green) in stage-9 egg chambers. the nucleus in a similar way as cnc [20].
(G) In wild-type, Grk shows the same anterodorsal localization pat-
tern as its mRNA (see [B]). (H) Grk is translated in egg chambers
overexpressing Dmn but shows no significant colocalization with The Kinesin Motor Plays a Major Role in the Anterior
its mRNA. Localization of bicoid mRNA in the Oocyte
As has been shown previously [26], the posterior local-
ization of Staufen protein and osk mRNA (data not8 (30%, n  70) rather than concentrating around the
shown) is impaired in khc mutants. Surprisingly, bcdnucleus at an anterodorsal position (Figure 3B versus
mRNA localization is also abnormal. This was observedFigure 3E). When the nucleus is mislocalized in later egg
in germline clones (70%, [n  50]) for all of the khcchambers, grk mRNA is no longer tightly associated
alleles we analyzed, including khc27, in which no Khcwith the nucleus (80%, n  120; Figure 3C versus Figure
protein is detectable [26]. bcd is localized along the3F). While the mislocalization of grk after nuclear detach-
anterior cortex but is not tightly restricted there and isment might be due to a disintegration of the MT cage,
then mislocalized midway to the posterior of the oocytewe suggest that the earlier defect in grk localization is
(Figures 4M–4O). Thus, as with anterior nuclear position-due to a requirement of Dynein in the transport of grk
ing, it appears that the restriction of bcd mRNA to theto the anterodorsal corner.
anterior cortex is both Kinesin and Dynein dependent.Although grk mRNA is mislocalized when Dmn is over-
expressed, the corresponding eggs are ventralized, rai-
sing the question of where Grk protein is found. In 50% Kinesin Is Required for the Anterodorsal Localization
of gurken mRNA and Protein(n  70) of oocytes overexpressing Dmn, grk is trans-
lated but is mislocalized. Interestingly, the pattern of Similar to what we observed for Dynein-Dynactin inacti-
vation, deposited eggs from khc mutant females haveGrk protein mislocalization is different from that of grk
mRNA (Figure 3H), suggesting a defect in Grk transport defects in dorsal appendage formation ranging from
fusion to a complete absence (see the Experimentalto the plasma membrane. Hence, this result suggests
that Dynein motors and MTs may be involved either in Procedures). Like for Dynein-Dynactin inactivation, we
addressed the question of whether this phenotype isthe transport of Grk to the plasma membrane or in its
exocytosis. entirely due to oocyte nucleus mispositioning or also to
defects in grk mRNA localization or Grk signaling. In khc
mutant egg chambers, grk mRNA fails to be restrictedA Plus End-Directed Motor Is also Involved
in Oocyte Nucleus Positioning to the anterodorsal corner (90%, n  104) (Figures 5E
and 5F), even when the nucleus is correctly positionedWe identified three new alleles of kinesin heavy chain
(khc), khc7.288, khc8.70, and khc5.287 from a genetic screen (Figure 5F). When the mislocalized nucleus is found
more posteriorly, grk mRNA remains localized as anfor factors involved in the migration of the oocyte nu-
cleus (to be described elsewhere). All three new khc anterior ring and does not move with the nucleus. In
contrast, if the nucleus is displaced in cnc or cornichonalleles are homozygous lethal and, by phenotypic crite-
ria, behave like the molecularly characterized null allele, mutants, grk mRNA remains attached to it [10, 20]. In
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Figure 4. khc Is Required for Nuclear Posi-
tioning and bicoid mRNA Localization in the
Oocyte
(A–C) Wild-type. (A) A dorsal view of an egg-
shell. The two appendages mark the dorsal
side of the egg. (B) A stage-10 egg chamber
expressing Stau-GFP (green) stained for
F-actin (blue). Stau-GFP localizes to the pos-
terior pole of the oocyte. (C) The Tau-GFP
expression pattern of a wild-type stage-8 egg
chamber reveals the anteroposterior gradient
of the MT network.
(D–F) Eggshell and egg chambers from
khc7.288 mutants (on, oocyte nucleus). (D) khc
mutant eggs are ventralized (dorsal view
shown) and miss dorsal appendages, but
they exhibit anterior (arrow, micropyle) and
posterior (asterisk, aeropyle) chorion land-
marks. (E) A khc7.288 mutant stage-10 egg
chamber expressing Stau-GFP (green) stained
for DNA (red) and F-actin (blue). Stau-GFP is
uniformly distributed in the oocyte. (F) A
khc7.288 mutant stage-8 egg chamber express-
ing Tau-GFP. The MT gradient is not altered.
Note that the delocalized oocyte nucleus is
surrounded by MTs (arrowhead).
(G and H) khc7.288 mutant stage-10 egg cham-
bers expressing Stau-GFP (green) stained for
DNA (red) and F-actin (blue). (G) The oocyte
nucleus is not anchored to the anterior cortex
(opposing arrowheads, plane for cross-sec-
tion in [H]). (H) Optical cross-section of (G).
The anteriorly detached oocyte nucleus stays
attached to the lateral cortex.
(I) khc7.288 mutant stage-9 egg chamber
stained for DNA (green) and F-actin (blue).
Actin patches accumulate in the cytoplasm
specifically in the vicinity of the mispositioned
nucleus (arrow). (J–O) bcd mRNA distribution.
(J–L) Wild-type egg chambers. bcd is tightly localized to the anterior cortex in (J) stage-8, (K) stage-9, and (L) stage-10 egg chambers.
(M–O) In khc7.288 mutants, bcd is not tightly localized to the anterior cortex. (M) In khc7.288 mutant stage-8 egg chambers, bcd localizes to the
anterior cortex and is also detectable along the lateral cortex in a broad barrellike domain (bracket). (N and O) khc7.288 mutant stage-9 and
stage-10 egg chambers show the same anterior maintenance defect of bcd mRNA (brackets indicate the diffusion domain of cortical bcd
mRNA). on, oocyte nucleus.
wild-type oocytes, grk mRNA is very transiently localized and on Kinesin motors. This may indicate that, in some
cases, both motors are associated with the same kindalong the whole anterior cortex during stage 8. It ap-
pears that, in khc mutant egg chambers, this situation of vesicle or macromolecular complex. In order to test
this hypothesis, we analyzed the distribution of Dhc inpersists, confirming that grk mRNA anterodorsal restric-
tion is MT dependent and requires plus end-directed khc mutant egg chambers. At stage 9, Dhc is mainly
observed at the posterior pole of the oocyte (Figure 5K).motors.
Since grk mRNA is mislocalized along the anterior In khc27 mutant egg chambers, we observed that Dhc
is not localized at the posterior but accumulates at themargin but the khc mutant eggs are ventralized, we
examined Grk distribution. In a minority of cases, grk is anterior pole (Figure 5L). This ectopic anterior localiza-
tion of Dynein may be due to a failure in a recyclingnot translated (30%, n  164). When grk is translated,
Grk is frequently dispersed throughout the whole oocyte process toward the posterior pole, which is mediated
by Kinesin.with a completely different profile than that observed
for grk mRNA (42%, n  164; Figure 5I versus Figure
5G). Moreover, Grk particles fail to reach the plasma Discussion
membrane (Figures 5I–5J). This could explain the ab-
sence of dorsalized egg chambers as seen when Grk is We show that several of the transport and anchorage
processes required to establish oocyte polarity in Dro-mislocalized in squid or fs(1)K10 mutants. Thus, Grk
exocytosis seems to be achieved through an active, MT- sophila depend on both minus- and plus end-directed
MT motors. Very similar phenotypes result if either Dy-dependent process, which requires Khc I.
nein or Kinesin I functions are impaired. The only pro-
cesses that seem to be mainly or exclusively governedDynein Distribution Is Dependent on Kinesin I
Interestingly, we observe that, for multiple aspects, by one MT motor are some aspects of nurse cell-to-
oocyte transport, which are dynein dependent (Figuretransport in the oocyte is dependent both on Dynein
Dynein and Kinesin Cooperate in Oocyte Polarization
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Figure 5. khc Is Involved in Both grk mRNA
Localization and Protein Secretion as Well as
in Dhc Localization
(A–G) grk mRNA distribution. (A–C) Wild-type.
(A) Stage 6. grk localizes to the posterior cor-
tex of the oocyte prior to nuclear migration.
(B) Transition from stage 7 to stage 8. grk has
moved to the entire anterior oocyte-nurse cell
margin, where it localizes temporarily. (C)
Stage 8. grk accumulates in a cap-like fashion
around the oocyte nucleus. (D–G) khc7.288
mutant egg chambers. (D) Stage 6. grk local-
ization to the posterior is like wild-type. (E)
Transition from stage 7 to stage 8. grk translo-
cation from the posterior to the anterior cor-
tex of the oocyte is delayed; grk is detectable
at the anterior cortex and remains partially at
the lateral cortex, pointing toward the poste-
rior pole. (F) Stage 8. grk localization along
the anterior cortex persists. Small amounts
of grk remain at the lateral cortex. (G) Stage
10. grk fails to localize to the anterodorsal
corner and stays attached to the entire ante-
rior margin. Note that the mispositioned oo-
cyte nucleus (on) is mostly separated from
grk mRNA.
(H–J) Stage-9 egg chambers stained for
F-actin (blue) and Grk (red). (H) Wild-type. Grk
localizes in a cap-like fashion in the antero-
dorsal corner and is internalized only by the
overlying follicle cells (white arrowhead in in-
set, magnified view of the anterodorsal cor-
ner). The neighboring follicle cells do not en-
docytose any Grk protein (see inset, open
arrowhead). (I and J) khc7.288 mutant egg chambers. (I) Grk is dispersed throughout the oocyte. Opposing arrowheads indicate the plane for
the cross-section shown in (J). (J) The optical cross-section shows the uniform distribution of Grk in the ooplasm. Note that Grk fails to
accumulate at the plasma membrane of the oocyte and that the abutting follicle cells do not internalize any Grk (arrow).
(K and L) Stage-9 egg chambers stained for Dhc (red) and DNA (green). (K) Wild-type. Dhc localizes to the posterior pole. (L) A khc7.288 mutant
egg chamber. The posterior Dhc pool is strongly reduced, and Dhc is ectopically concentrated in the anterior lateral corners of the oocyte.
6, step 1); the localization of posterior determinants, coiled-coil domain, suggesting that polar transport of
which is Kinesin I dependent (Figure 6, step 4); and the Swa and its cargo, bcd mRNA, occurs in a Dynein-
anchorage of the nucleus to the lateral cortex, which dependent manner [49]. Our observation that bcd mRNA
requires Dynein, but not Kinesin I (Figure 6, step 6). is delocalized in oocytes overexpressing Dmn (Figure
Transport and anchorage processes, especially, to the 2G) provides further support for this suggestion.
anterior and anterodorsal compartments require both Surprisingly, we observe that, in khc mutant oocytes,
motor activities (Figure 6, steps 2, 3, 5, and 7). Here, we bcd mRNA is not tightly concentrated to the anterior
focus our discussion on transport and anchorage to the cortex but is diffusely spread out in a wide cortical ring
cortical compartments within the oocyte. that expands toward the posterior (Figures 4M–4O).
Thus, correct bcd localization depends not only on mi-
nus end-directed, but also on plus end-directed, motors.The Establishment of the Anterior and Posterior
Kinesin I might be directly involved in anchoring of bcdCortical Compartment
mRNA to the anterior cortex. Alternatively, Kinesin IThe localization of bcd mRNA in the oocyte occurs in
might be required for efficient Dynein-dependent trans-multiple steps. Several of these involve active transport
port of bcd. Our observation that Dynein is mislocalizedalong microtubules (for a review, see [4]). bcd mRNA
in khc mutant oocytes supports the latter hypothesis.coassembles into particles with Exuperantia (Exu) in the
Dhc fails to accumulate at the posterior pole of khcnurse cells and in the oocyte. This complex is essential
mutant oocytes and instead is enriched at the anteriorfor the correct localization of bcd to the anterior cortex
cortex. Thus, Kinesin I appears to be necessary to relo-in a microtubule-dependent manner [8, 50]. During mid-
cate Dynein to the posterior pole after it has movedoogenesis, bcd maintenance at the anterior cortex is
together with its cargo to the anterior pole. This woulddependent on Swallow (Swa) [15, 16]. This protein har-
allow for renewed rounds of cargo loading and transportbors a putative double-strand-RNA binding motif [51]
to the anterior cortex. Without sustained posterior-to-and a coiled-coil domain, which interacts with the Dy-
anterior transport, the bcd mRNA/adaptor complexesnein light chain (Dlc-1) [49]. Swa has been proposed to
might become delocalized by diffusion. This scenarioact as an adaptor between bcd mRNA and the Dynein
indicates that sustained transport could be an alterna-motor [49]. Swa itself localizes to the anterior cortex
of stage-10 oocytes, and this localization requires the tive to an independent anchorage step.
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like bcd mRNA localization, we assume that it requires
Dynein and suggest that, in the Dmn overexpression
experiment, residual Dynein function is present at early
stages, which allows nuclear migration.
While the question of migration needs further analysis,
both motors are clearly required for nuclear anchorage.
Impairment of Dynein leads to nuclear detachment from
both the anterior and lateral cortex. Kinesin I, however, is
only required for maintaining the nucleus at the anterior
cortex. The fact that both anchoring processes fail when
Dmn is overexpressed indicates that Dynein fulfils a
complex function in nuclear positioning. Two Dynein-
Dynactin pools are present in the oocyte: the posterior
pool, which is microtubule dependent and maintained
by Kinesin I-dependent transport, and the perinuclear
Figure 6. Schematic Representation of Kinesin I- and Dynein-Medi-
pool, whose maintenance is independent of MTs andated Transport in the Drosophila Oocyte
MT motor activity. The perinuclear Dynein-Dynactin poolAnterior is left; dorsal is up. The anterior dashed line highlights the
appears to be involved in organizing a MT cage around15 nurse cells. on, oocyte nucleus; rc, ring canal. A model represent-
the nucleus, and this cage is likely to be necessary foring the Kinesin I- and Dynein-mediated transport of the cytoplasmic
determinants and of the nucleus in the oocyte. (1) Active transport the attachment of the nucleus to the lateral cortex. The
from the nurse cells to the oocyte requires only Dynein. (2) The mislocalization of the nucleus in Kinesin mutants might
anterodorsal restriction of grk mRNA requires both Kinesin I- and be explained in a similar way as the mislocalization of
Dynein-mediated transport. (3) The anterior restriction of bcd mRNA
bcd mRNA. Cortical Dynein activity might be requiredrequires Kinesin I- and Dynein-mediated transport. (4) Posterior lo-
during some stage after the nucleus has reached thecalization of osk mRNA requires only Kinesin I. (5) The anchorage
anterior pole. During this period what appears to beof the nucleus at the anterior cortex of the oocyte appears to require
Kinesin I and Dynein. (6) The nuclear attachment at the lateral cortex anchorage would be the result of sustained minus end-
of the oocyte requires only Dynein activity. (7) Grk exocytosis re- directed movement. To maintain this movement, Dynein
quires Kinesin I and Dynein. The model indicates that, for only three is supplied form the posterior pool, which constantly
of the seven transport and anchorage processes depicted, one MT-
has to be replenished by Kinesin-dependent transport.dependent motor protein appears to be sufficient. All the remaining
The nuclear MT scaffold might not only be importantprocesses require the cooperation of plus end- and minus end-
for nuclear migration and nuclear anchoring. It harborsdirected MT motors.
centrosomal components such as Centrin (O. Gavet, M.
Bornens, and A.G., unpublished data), which probably
In contrast to what we detected with bcd, we have not contribute to the formation of the MT scaffold but might
detected a dual motor requirement for osk localization to also influence the MT network of the entire oocyte [20].
the posterior, which has been shown to be Kinesin I Due to these properties, the nucleus is likely to have a
dependent [26]. osk mRNA is clearly localized and trans- central role in polarizing the Drosophila oocyte. During
lated when Dynein function is impaired. However, sev- migration, it might contribute to the overall anterior-
eral features of the phenotypes produced by Dynamitin posterior repolarization of the oocyte MT network, which
overexpression suggest that Dynein function was not is required to establish the anterior and posterior cortical
completely abolished. Thus, we cannot strictly rule out domains. After migration, MTs emanating from the
that low levels of Dynein are required for efficient osk asymmetrically positioned nucleus are likely to polarize
transport to the posterior pole. Indeed, the mechanism the transport of grk mRNA and Grk protein, which estab-
of osk localization is more complex than that of bcd lishes the anterodorsal cortical domain.
localization. osk localization occurs through a series of
distinct steps first to the anterior, then to the middle,
and finally to the posterior pole of the oocyte [52]. grk mRNA Transport to the Nucleus and the
Localized Secretion of Grk Protein
grk mRNA is produced by both the nurse cells and theA Dual Requirement for Dynein
in Nuclear Positioning oocyte nucleus [14, 21]. After nuclear migration, grk
mRNA accumulates briefly along the anterior marginThe correct positioning of the oocyte nucleus requires
two different anchoring processes: one to the lateral of the oocyte, before it concentrates in a perinuclear
position. The anterior localization of grk is not affectedcortex and a second to the anterior cortex. The former
might be a prerequisite for nuclear movement from the when Dynein function is reduced or if Kinesin I function
is completely abolished. However, both motors are re-posterior to the anterior pole. The latter occurs after
completion of the movement. While Kinesin I appears quired to transport grk to the nucleus. We suggest that
grk mRNA is transported toward the minus ends of MTs,to be dispensable for nuclear movement, the role of
Dynein remains to be clarified. The Dynein-Dynactin which emanate from the nucleus. This would explain the
Dynein requirement for grk transport to the nucleus. Thecomplex is essential for nuclear migration in many cell
types, from yeast [53, 54] to vertebrates [55]. Overex- role of Kinesin I in anterodorsal grk transport might again
reflect the need to retrieve the Dynein motors for re-pression of Dmn, though, seems not to interfere with
correct positioning of the nucleus at early stages. Since newed cargo loading, as suggested for bcd and the
oocyte nucleus.nuclear migration is targeted toward MT minus ends,
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This model has to assume, however, that Dynein-Dynac- to the minus end. In the coordination mode, the motors
are not competing with each other. For example, whentin complexes carrying different cargos can distinguish
between distinct populations of MTs (also see [8]): Dy- plus end motors are active, minus end motord are turned
off, and vice versa. Inactivation of either of the two mo-nein-Dynactin complexes loaded with bcd mRNA should
be transported to and remain at anterior cortex, while tors leads to the delocalization of the cargo to the same
side. According to this scheme, Dynein and Kinesin Ithose loaded with grk mRNA should be subject to a
second transport step toward the nucleus. Deletions act in a coordination mode during transport of bcd and
grk mRNAs, and the same might be true for their rolewithin the grk 3UTR allow anterior localization of grk
mRNA but prevent its transport to the nucleus [14]. This in the positioning of the oocyte nucleus. The observation
that Dynein accumulation at the posterior pole dependssuggests that specific factors distinguish anterior and
anterodorsal transport of grk (for a review, see [11]). The on Kinesin I suggests that both motors are associated
with the same vesicle or macromolecular complex, asheterogeneous nuclear RNA binding protein (hnRNP)
Squid plays a central role in this process. It regulates has been proposed for axonal transport in Drosophila
[60]. Dynein has to be inactive during Kinesin I-depen-both grk localization and translation and binds directly
to the grk 3UTR [56]. Squid protein appears to be tran- dent transport to the posterior pole but then has to be
activated again for renewed cargo loading and transportsiently localized along the anterior cortex like grk during
the transition from stage 7 to stage 8 (Y. Bobinnec, A. to the anterior cortex. If this recycling model holds true
for the described polar transport processes in the oo-Debec, and A.G., unpublished data).
grk mRNA, though mislocalized, is frequently trans- cyte, it will be challenging to find those factors that
regulate motor activity and cargo loading in successivelated when Kinesin I or Dynein motor activities are im-
paired. As grk mRNA is found around the anterior cortex transport cycles.
in those cases, Grk secretion should occur around the
Experimental Proceduresentire circumference of the oocyte instead of being re-
stricted to the dorsal side. Secreted Grk induces dorsal
Identification of the khc7.288 Allelefollicle cell fates. Thus, ectopic secretion should lead to
The khc7.288, khc8.70, and khc5.287 alleles were identified in a mutagene-
the formation of dorsalized eggs as in squid and fs(1)K10 sis screen using 25 mM EMS (screen to be published elsewhere).
mutants in which grk mRNA is also mislocalized. How- All three new alleles complement the khc27 allele and are fully res-
ever, impaired MT motor activity leads to ventralized cued by a transgenic copy of the wild-type khc gene [26]. All defects
observed in khc7.288, khc8.70, and khc5.287 mutant oocytes are alsoeggs and thus to reduced Grk signaling. An analysis of
observed in the khc27 mutant. The following ventralized phenotypesGrk distribution in oocytes shows that, in contrast to
were observed: khc27: wild-type, 2%; fused appendages, 41%; com-wild-type or squid and fs(1)K10 [23], Grk protein is not
plete loss of appendages, 57%; n  103; khc5.287: wild-type, 3%;
closely associated with grk mRNA and fails to reach the fused appendages, 53%; complete loss of appendages, 44%; n 
plasma membrane (Figure 5J). Thus, polar transport of 109; khc7.288: wild-type, 2%; fused appendages, 54%; complete loss
Grk protein and exocytosis requires Dynein and Kinesin of appendages, 44%; n  94; khc8.70: wild-type, 1%; fused append-
ages, 45%; complete loss of appendages, 54%; n  109.I activity. This is not surprising, since both motors have
been shown to be involved in Golgi dynamics in higher
Immunohistochemistry, In Situ Hybridization,eukaryotes and it has been shown that vesicular traffick-
and Drug Treatmenting from the Golgi to the plasma membrane requires
grk [13] and bcd [15] transcripts were detected by in situ hybridiza-
Kinesin activity (for a review, see [57]). tion with digoxigenin-labeled antisense RNA probes as described
Interestingly, we have not detected a requirement for in [61]. osk [12] transcripts were detected by in situ hybridization
the two motors in earlier Grk signaling, which induces with biotin-labeled antisense RNA probes. The hybridization proce-
dure was performed according to [62].posterior follicle cells and prevents the formation of a
Orb antibody stainings are described in [63]. Anti-Osk antibodiessecond micropyle at the posterior pole. In the case of
were used as described in [64]. The polyclonal anti-Grk antibodiesDynamitin overexpression, this might be due once more
are described in [23]. The monoclonal anti-Dhc antibody [65] was
to residual levels of Dynein function. In the case of used at a dilution of 1:200.
Kinesin I, we assume that Grk secretion is only impaired, For actin labeling, ovaries were fixed with 4% paraformaldehyde,
but not entirely blocked. The phenotypic series of grk were washed for over 2 hr with 1% Triton, and subsequently incu-
bated 1.5 hr with either 6U Alexa 680-phalloidin (Molecular Probes)mutations suggests that minute amounts of secreted
or 3U rhodamin phalloidin (Molecular Probes). For DNA labeling, theGrk are sufficient to induce posterior follicle cells.
ovaries were additionally incubated for 20 min with 0.4 mg/ml RNase
A and were subsequently stained with either 50 g propidium iodide
or PicoGreen used at a dilution of 1:330 (Molecular Probes). Microtu-
Models for Motor Cooperation bule depolymerization was carried out on 3- to 5-day-old females
Opposite polarity motors can interact with the same fed with yeast paste containing 70 g colchicine (Sigma).
cargo in two fundamentally different ways. They can
function in an opposition mode, like Myosin V and Supplementary Material
Supplementary Material including additional results in the form ofKinesin II in the migration of Xenopus melanophores
two supplementary figures and further Experimental Procedures is[58], or in a coordination mode, like Dynein and Kinesin
available at http://images.cellpress.com/supmat/supmatin.htm.in the motion of lipid droplets in the Drosophila embryo
[59]. In the opposition mode, the two motors produce
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